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Non-technical summary It is now known that adverse events in the womb leading to fetal growth
impairment increase the risk of cardiovascular disease (CVD) in adulthood. We show perturbed
arterial development in sheep fetuses subjected to oxygen deprivation by placental dysfunction,
which accounts for the majority of fetal growth restriction in developed countries. The altered
structure and composition of the vascular wall exhibited by growth restricted sheep fetuses are
akin to those changes present in the preclinical stage of CVD. Therefore, we reveal a plausible
mechanism of CVD susceptibility in individuals growth restricted by placental dysfunction.
In addition, we identified molecular factors involved in aberrant arterial formation and thus
highlight the need for further investigation into these molecular pathways and possible prenatal
interventions such as antioxidants.
Abstract This study explored arterial remodelling in fetuses growth restricted by hypoxia.
Chronically catheterized fetal sheep were made moderately or severely hypoxic by placental
embolization for 15 days starting at gestational age 116–118 (term ∼147 days). Cross-sections
of the aorta were analysed for collagen and elastin content using histological procedures, while
immunofluorescence was applied to measure markers of vascular smooth muscle cell (VSMC)
type. In frozen aortae quantitative PCR was used to measure mRNA levels of extracellular matrix
(ECM) precursor proteins as well as molecular regulators of developmental and pathological
remodelling. Relative to Control (n = 6), aortic wall thickness was increased by 23% in the
Moderate group (n = 5) and 33% (P < 0.01) in the Severe group (n = 5). Relative to Control,
the Severe group exhibited a 5-fold increase in total collagen content (P < 0.01) that paralleled
increases in mRNA levels of procollagen I (P < 0.05) and III and transforming growth factor
β (TGF-β1 ) (P < 0.05). The percentage area stained for α-actin was inversely related to fetal
arterial oxygen saturation (P < 0.05) and total α-actin content was 45% higher in the Moderate
group and 65% (P < 0.05) higher in the Severe group, compared to Control. A 12% and 39%
(P < 0.05) reduction in relative elastic fibre content was observed in Moderate and Severe fetuses,
respectively. mRNA levels of the elastolytic enzyme, matrix metalloproteinase-2 (MMP-2) were
inversely correlated with fetal arterial oxygen saturation (P < 0.05) (Fig. 7) and mRNA levels of
its activator, membrane-type MMP (MTI-MMP), were elevated in the Severe group (P < 0.05).
Marked neointima formation was apparent in Severe fetuses (P < 0.05) concomitant with an
increase in E-selectin mRNA expression (P < 0.05). Thus, aberrant aortic formation in utero
mediated by molecular regulators of arterial growth occurs in response to chronic hypoxaemia.
(Submitted 13 April 2011; accepted after revision 26 April 2011; first published online 26 April 2011)
Corresponding author J. A. Thompson: Dental Sciences Building rm. 2027. 1151 Richmond Street, London, Ontario,
Canada N6A 3K7. Email: jathomps@uwo.ca
Abbreviations CVD, cardiovascular disease; ECM, extracellular matrix; IUGR, intrauterine growth restriction; MHC-B,
non-muscle myosin heavy chain B; MMP, matrix metalloproteinase; MTI-MMP, membrane-type metalloproteinase;
PCNA, proliferating cell nuclear antigen; SMA, superior mesenteric artery; TGF-β, transforming growth factor β; VSMC,
vascular smooth muscle cell.
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Introduction
Cardiovascular Disease (CVD) imposes a substantial
burden on Western society, with an annual death toll
of 1 million Americans constituting 34.3% of deaths
and morbidity costs of $503 billion per year (AHA,
2010). Currently, aetiology and disease prevention centre
on genetics and environmental or lifestyle conditions
in postnatal life. However, it is now recognized that in
addition to and independent of these traditional risk
factors, CVD can be traced to a vulnerability established
in utero. This influence of the fetal environment on later
health has been substantiated over the past decade by
consistent observation that low birth weight and other
indicators of impaired fetal growth are predictive of
various degenerative adult diseases including CVD (Barker
et al. 1989; Krochik et al. 2010). Although developmental
origins of CVD are now widely acknowledged, the underlying mechanisms have not been elucidated.
In the developed world placental insufficiency accounts
for 60% of infants who are identified as being intrauterine growth restricted (IUGR) (Ghidini, 1996). This
antenatal condition arises when abnormal formation
of the placental exchange surface leads to progressive
disturbance of oxygen and nutrient exchange between
mother and fetus (Krebs et al. 1996; Regnault et al.
2007). The resultant fetal hypoxaemia manifests in the
second half of gestation, concurrent with a critical period
of arterial development. During this time, deposition
of extracellular matrix (ECM) proteins accelerates in
a time- and site-dependent manner, and the vascular
smooth muscle cells (VSMCs) that synthesize non-cellular
proteins undergo differentiation (Berry et al. 1972;
Bendeck & Langille, 1991; Wells et al. 1999). Given
that oxygen tension (van Vlimmeren et al. 2010) and
factors involved in the fetal response to hypoxaemia
(Durmowicz et al. 1994; Yee et al. 1996) are known
mediators of ECM remodelling and VSMC differentiation,
enduring arterial defects established in utero may underlie susceptibility to CVD in offspring growth restricted by
placental insufficiency.
One important outcome of development is the
establishment of a relative abundance in elastin proteins
in the aorta and its major branches, which endows
these vessels with a high degree of elasticity. The
viscoelastic properties of large arteries govern pulse
pressure dynamics and are thus major determinants of
cardiac workload. In fact, central arterial stiffening due
to altered composition of the ECM is a strong and
independent predictor of CVD, as it promotes hypertension and cardiac hypertrophy (Abhayaratna et al.
2008). We therefore propose that interference in fetal
arterial development as a result of chronic hypoxaemia
leads to structural abnormalities characteristic of arterial
stiffening. To test our hypothesis, we used an established
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ovine model of placental insufficiency (Gagnon et al.
1994) whereby maternal-fetal blood gas exchange is
restricted by embolization of the placental circulation and
induced fetal hypoxaemia is monitored and controlled.
Accordingly, we have examined the effect of varying
degrees of hypoxaemia on aortic composition of elastic
and collagenous fibres, VSMC content and phenotype.
Known regulators of pathological arterial remodelling in
adults, including transforming growth factor β (TGF-β)
and matrix metalloproteinase-2 (MMP-2) were also
examined as possible mechanistic links. We demonstrate
that upregulation of these molecular mediators in response
to chronic hypoxia accompanies altered transcription and
accumulation of extracellular and intracellular proteins
leading to aberrant arterial morphology.

Methods
Ethical approval

All surgical and experimental procedures were approved
by the Canadian Council on Animal Care Regulations and
The University of Western Ontario Animal Ethics board.
The experiments comply with the policies and regulations
of The Journal of Physiology given by Drummond (2009).
Surgical procedure

Embolization of the placenta in pregnant sheep is an
established model of placental insufficiency. Surgical
preparation and experimental manipulations were
performed as previously described (Gagnon et al. 1994).
Pregnant Western ewes between 112 and 114
days of gestation (term = 147 days) were chronically
instrumented using sterile technique under general
anaesthesia (1 g thiopental sodium in solution, intravenously (I.V.) for induction, Abbott Laboratories Ltd,
Montreal, QC, Canada; followed by 1–1.5% isoflurane
in O2 for maintenance). Prior to surgery, an analgesic
was given intramuscularly to the ewe (0.2 g ketoprofen,
Merial Canada Inc., Baie B’urse, QC, Canada). A midline incision was made in the lower abdominal wall and
the uterus was palpated to determine the fetal number
and position. The lower body of the fetus was exteriorized
through an incision in the uterine wall, and polyvinyl
catheters (Scientific Commodities, Lake Havasu City, AZ,
USA) were placed in the right and left fetal femoral
arteries, the fetal hindlimb vein, and the right maternal
femoral vein. Once the fetus was returned to the uterus, a
catheter was placed in the amniotic cavity by attachment
to the fetal hind skin. Antibiotics were administered
intra-operatively to the mother (I.V.) (0.2 g trimethoprim
and 1.2 g sulfadorine, Schering Canada Inc., Pointe-Claire,
QC, Canada), fetus (I.V.) and amniotic cavity (1 million IU

C 2011 The Authors. Journal compilation 
C 2011 The Physiological Society

J Physiol 589.13

Aortic development in the hypoxic ovine fetus

penicillin G sodium, Pharmaceutical Partners of Canada,
Richmond Hill, ON, Canada). The uterus and abdominal
wall incisions were sutured in layers and catheters were
exteriorized through the maternal flank and secured to
the back of the ewe in a plastic pouch.
During the postoperative period (3–4 days) the antibiotic regime was continued daily (mother (I.V.) 0.2 g
trimethoprim; fetus (I.V.) and amniotic cavity 1 × 106 IU
penicillin G sodium). Arterial blood was sampled daily for
evaluation of maternal and fetal condition and catheters
were flushed with heparinized saline to maintain patency.
Animals were housed in individual metabolic cages with
food and water available ad libitum. The housing facility
was temperature (16◦ C) and humidity (50%) controlled,
with a 12:12 h light–dark cycle.
Experimental design

Nineteen sheep were studied. Experiments were initiated
3 or 4 days after surgery at a gestational age of 116–118.
Placental embolization was performed in experimental
animals by bolus injections of latex microspheres (15 μM
or 30 μM; Interactive Medical Technology Laboratories,
Los Angeles, CA, USA) into the fetal abdominal aorta
distal to the renal artery via a fetal femoral arterial catheter.
Injections were initiated at 10.00 h on day 1, following a
2 h baseline period, and repeated at 10 min intervals until a
stable reduction of arterial oxygen saturation at the desired
level of fetal hypoxia was maintained for at least an hour.
The target level of arterial oxygen saturation was 40–50%
for the moderately hypoxic group and 30–40% for the
severely hypoxic group. On subsequent days embolization
was performed after the 2 h baseline period if fetal arterial
oxygenation rose above targeted values. Control fetuses
were injected with saline only.
In vivo physiological parameters

On selected days (experimental day 1, 5, 8, 12 and 15)
the embolized and Control groups were subjected to a
blood sampling and cardiovascular monitoring regime.
Fetal arterial and maternal venous blood samples taken
at 09.00 h (baseline), 13.00 h and 16.00 h were analysed
for blood gases, lactate, glucose and pH using a blood gas
analyser (ABL-725, Radiometer, Copenhagen, Denmark)
and corrected for fetal temperature (T = 39.2◦ C). Plasma
aliquots from samples taken at 09.00 h were stored at
−80◦ C for later cortisol analysis. Fetal arterial blood
pressure (MAP), adjusted for amniotic fluid pressure,
was continuously monitored between 08.00 and 16.00 h
with pressure transducers (Cobe, Arvada, CO, USA) and
recorded on a data acquisition system (PowerLab model
ML 795, ADI Instruments, Colorado Springs, CO, USA).
Fetal heart rate (FHR) was derived from the arterial blood
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pressure waveform. During baseline periods, starting at
09.00 h, 20 min averages of fetal mean arterial blood
pressure (MAP) and heart rate (FHR) were calculated for
each fetus, using PowerLab software. Average fetal arterial
oxygen saturation values for each fetus were calculated
using blood gas measurements taken at 09.00 h, 13.00 h
and 16.00 h on each experimental day, excluding baseline
of day 1.
Post-mortem and tissue preparation

On day 15, after the final blood sample at 16.00 h,
ewes and fetuses were killed with an overdose of
barbiturate (30 mg pentobarbital sodium, Fatal-Plus;
Vortech Pharmaceuticals, Dearborn, MI, USA). The fetus
was weighed, sexed and dissected to obtain brain and liver
weight. The descending aorta proximal to the diaphragm
was perfused with saline and then fixed with 4%
paraformaldehyde at physiological pressure (120 mmHg).
The thoracic aorta immediately distal to the aortic arch
and the superior mesenteric artery (SMA) were excised,
cleared of fat and connective tissue, fast frozen in liquid
nitrogen and stored at −80◦ C for later analyses. Fixed
aortae were embedded in paraffin and cut in 5 μm
cross-sections that were baked onto positively charged
glass plates by heating in a 50◦ C oven for 2 days.
Plasma cortisol concentration

Baseline plasma samples were analysed for cortisol
concentration using an enzyme-linked immunosorbent (ELISA) assay according to the manufacturer’s
instructions (Alpco Diagnostics, Salem, NH, USA). The
absorbance of sample triplicates was measured on a microtiter plate reader at 450 nm and the mean optical density
calculated from a four-parameter standard curve. The
intra-assay and inter-assay coefficient of variation for the
cortisol ELISA was 5.6% and 7.1%, respectively.
RNA extraction and quantitative real time PCR
in the aorta and SMA

Total RNA was extracted from frozen thoracic aortae
and SMA using the Trizol method (Invitrogen Life
Technologies Co., Burlington, ON, Canada). RNA
integrity of each sample was assessed using 1.2%
agarose electrophoresis with ethidium bromide staining.
Complementary DNA was synthesized from 2 μg of
purified RNA using oligo(dT) primers and the SuperScript
III First-Strand Synthesis System for RT-PCR (Invitrogen
Life Technologies Co., Burlington, ON, Canada). Standard
curves for each primer set (Supplementary Table 1) were
generated in order to determine optimal concentrations
of input cDNA and PCR efficiency. PCR efficiencies for
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each primer set were 90–100%. cDNA products were used
as templates for quantitative real-time polymerase chain
reaction (qRT-PCR) for measurement of gene expression
levels using the SYBR green system (Bio-Rad Laboratories,
Mississauga, ON, Canada) on a Bio-Rad CFX384 real time
PCR detector. Amplification was performed in triplicate
at 95◦ C for 3 min, followed by 39 cycles at 95◦ C for 15 s,
59◦ C for 15 s and 72◦ C for 15 s. Melting curve analyses after
each run and the presence of a single band of appropriate
size in 1.8% agarose gel confirmed amplification of a
single product. Fold change values calculated relative to
the average mRNA for a given gene were normalized to
the reference gene (S15).
Collagen and elastin staining in the aorta

After deparaffinization in xylene, slides were rehydrated
by passage through a decreasing ethanol series. Collagen
content was measured in cross-sections stained with 1%
Sirius red F3BA (Sigma-Aldrich Canada Ltd, Oakville, ON,
Canada) in a saturated aqueous solution of picric acid,
for 1 h. Additional aortic sections were stained 30 min in
0.2% Orcein (Sigma-Aldrich) for identification of elastic
fibres. Stained cross-sections were captured on a microscope (Leica DM RB) at 10× magnification. Duplicates of
three cross-sections per animal and four to five areas per
cross-section were used for analyses. Wall thickness was
measured as the distance between the internal and external
elastic laminae. For collagen quantification the tunica
media was selected, whereas elastin content measurement
included both the tunica media and the internal elastic
lamina. The area positive for protein (elastin or collagen)
was identified by colour thresholding using image analysis
software (Image Pro 6.0, MediaCybernetics, Bethesda,
MD, USA) and expressed relative to the sum of area
non-stained. Total protein content (elastin or collagen)
was calculated by multiplying the average wall thickness
for each vessel by the percentage area stained, as previously reported (Kobs et al. 2005). Orcein slides were
captured at 40× magnification for measurement of
intima thickness. If an intima was present its thickness
was measured perpendicular to the medial border. A
thickness score of 0 was given if no intima was present.
The perpendicular distance between the internal elastic
lamina and the first elastic layer within the media was
measured.
Immunofluorescent staining for α actin, MHC-B
and PCNA in the aorta

Deparaffinized cross-sections of the aorta were incubated
at room temperature for 10 min in Background Sniper
(Biocare Medical LLC, Brampton, ON, Canada) for
blockage of non-specific binding, followed by incubation
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with primary antibodies diluted in Universal Antibody Diluting Solution (Dako Canada Inc., Burlington,
ON, Canada) in a humidified chamber at 4◦ C overnight: 1:4000 dilutions of monoclonal mouse immunoglobulin G α-actin antibody (Boehringer, Mannheim,
Germany) along with 1:3000 dilutions of polyclonal
rabbit nonmuscle myosin heavy chain II-B (MHC-B)
(Covance Inc., Emeryville, CA, USA). After washing
in phosphate-buffered saline, slides were incubated in
1:400 dilutions of Molecular Probes secondary antibodies
Alexa Fluor 568 and 405 (Invitrogen Life Technologies)
at room temp for 30 min in a black covered humidity
chamber. After washing, slides were counterstained for
15 min using Sytox Green (Invitrogen Life Technologies).
Additional slides were incubated in 1:400 dilutions of
rabbit polyclonal anti-proliferating cell nuclear antigen (PCNA) (Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA) and counterstained with Hoechst 3342
(Invitrogen Life Technologies) for 10 min. Replacement
of the primary antibody with PBS or IGg were used
as negative controls. Fluorescence VectaShield mounting
medium (Vector Laboratories, Burlington, ON, Canada)
was used for mounting. Slides were stained in duplicate
and simultaneously to minimize variation in staining
intensity. All antibodies were tested for specificity by
Western blot. Sections were imaged on a microscope
(Zeiss) and captured at 20× magnification using a camera
and software for image capture and analysis (Axiovision
4.0, Carl Zeiss Microimaging LLC, Thornwood, NY, USA).
The area positive for staining was identified by colour
thresholding using image analysis software (Image Pro 6.0,
MediaCybernetics, Bethesda, MD, USA). The sum of area
stained and the number of stained objects were expressed
as a percentage of an area of constant dimension within
the media.

Statistical procedures

All statistical procedures were performed using GraphPad
Prism 5.0 (GraphPad Software, San Diego, CA, USA).
Between group differences were assessed using one-way
ANOVA with the Bonferroni post hoc test, or the
Kruskal–Wallis test with Dunn’s post hoc test when data
were determined to be non-parametric. Within-group
comparisons of baseline values of blood pressure and
heart rate, across the 15 experimental days, were made
by one-way ANOVA for repeated measures. Two-way
ANOVA was performed when missing values did not
allow for repeated measures analysis. Relationships
between arterial measurements and average fetal arterial
oxygen saturation values over the course of the
embolization period were expressed as Spearman’s
correlation coefficient and included animals from all three
study groups. All data are presented as means ± SEM.
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Table 1. Fetal blood gases, pH, Haemoglobin (Hb)h , glucose and lactate
Group
Control
Moderate
Severe

pH

P aCO2 (mmHg)

7.32 ± 0.01
7.31 ± 0.01
7.32 ± 0.01

52.1 ± 0.6
55.5 ± 1.2
53.8 ± 0.5

P aO2 (mmHg)
20.7 ± 0.7
18.1 ± 0.6
15.5 ± 0.5∗∗

S aO2 (%)

Hb (mmol l−1 )

Glucose (mmol l−1 )

Lactate (mmol l−1 )

51.3 ± 0.8
44.1 ± 1.1
35.6 ± 1.3∗∗∗

9.9 ± 08
10.1 ± 05
9.3 ± 12

11 ± 0.0
10 ± 0.1
12 ± 1.1

1.2 ± 0.1
1.7 ± 0.4
1.7 ± 0.1

Blood sampled from the fetal femoral artery at selected time points was analysed using a blood gas analyser. Average values over
the course of the study were calculated for each group and presented as means ± SEM. Group differences were analyzed using the
Kruskal–Wallis test with Dunn’s test f or post hoc comparisons. Fetal arterial partial pressure of oxygen (P aO2 ) and oxygen saturation
(S aO2 ) were reduced in Moderate and Severe groups compared to control, without changes in haemoglobin (Hb), lactate concentration
or pH. ∗ P < 0.05 hypoxin groups vs. control.

Results
Fetal growth restriction and physiological parameters

Our goal was to produce a level of chronic hypoxia typical
of clinical IUGR and likely to result in fetal survival.
In order to determine the dose–response effect, graded
severity of hypoxia between Moderate and Severe groups
was produced by embolization. Excluded from the study
were fetuses from two ewes that developed mastitis during
the experiment and one fetus that was severely hypoxic
during and following surgery. Included in data analyses
were five animals in each of the Moderate and Severe
groups and six animals in the Control group. The ratio
of female to male fetuses in Control, Moderate, and
Severe groups was 2:3, 3:2 and 3:3, respectively. Average
blood gas values, pH, haemoglobin, glucose and lactate
concentrations over the course of the embolization period
are presented in Table 1. Hypoxia of each degree was not
accompanied by cumulative metabolic acidosis or lactic
acid accumulation. Fetuses subjected to Severe hypoxia
displayed asymmetric fetal growth restriction, as reflected
by reduced fetal body weight (P < 0.05) and increased
brain-to-liver ratio (P < 0.05), relative to Control. Average
fetal weight was 3.6 ± 0.3 kg for the Control group,
3.3 ± 0.4 kg for the Moderate group, and 2.7 ± 0.2 kg for
the Severe group. The brain-to-liver ratio was 0.38 ± 0.06,
0.47 ± 0.04 and 0.59 ± 0.06 for the Control, Moderate and
Severe groups, respectively.
Baseline values of MAP and FHR were not different
between groups or within groups over the 15 day study
period (included in the analysis are days 1, 5, 8, 12 and
15). Baseline MAP on day 1 was 40 ± 4 mmHg for the
Control group, 40 ± 2 mmHg for the Moderate group and
40 ± 2 mmHg for the Severe group. Baseline FHR on day
1 was 171 ± 14 bpm for the Control group, 179 ± 3 bpm
for the moderate group, and 171 ± 12 bpm for the Severe
group.
Plasma cortisol concentration was not different between
groups at baseline on day 1 of the study and was also
unchanged within groups across the 15 day embolization
period (included in analysis are days 1, 5, 8, 12 and
15). Cortisol concentration on baseline of day 1 was
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3.2 ± 0.4 μg dl−1 for the Control group, 5.1 ± 3.0 μg dl−1
for the Moderate group, and 3.8 ± 0.4 μg dl−1 for the
Severe group. On day 15 of the study, circulating cortisol
concentration was 4.5 ± 0.8 μg dl−1 for the Control
group, 4.8 ± 2.5 μg dl−1 for the Moderate group, and
2.3 ± 0.1 μg dl−1 for the Severe group.

Aberrant ECM remodelling induced by fetal hypoxia
leads to compositional changes in the aorta

Collagen I and III are the predominant fibrillar collagens
present in blood vessels. In all three study groups,
mRNA levels of procollagen Iα were higher than those
of procollagen III. Real-time PCR revealed procollagen Iα
mRNA levels of the thoracic aorta to be elevated in severely
hypoxic animals compared to control (P < 0.05) and a
similar trend observed with respect to collagen III (Fig. 1).
Procollagen Iα and III mRNA levels were inversely related
with average fetal arterial oxygen saturation; Spearman’s
coefficient was R = −0.69 (P < 0.05) and R = −0.72
(P < 0.05), respectively. mRNA levels of tropoelastin were
not different between groups; levels relative to control
were 1.00 ± 0.5 for the Control group, 1.38 ± 1.37 for the
Moderate group, and 2.17 ± 1.21 for the Severe group.
Reflecting patterns of procollagen mRNA expression, total
collagen content within the media of the thoracic aorta
measured using the Sirius red dye, was also increased in the
severely hypoxic animals compared to normoxic animals
(P < .01). However, the relative collagen content in the
aortic media did not differ among groups: 3.57 ± 0.50 for
the control group, 2.79 ± 2.24 for the Moderate group, and
2.66 ± 0.57 for the Severe group. Compared to the Control
group, relative elastic fibre content was reduced by 12% in
the Moderate group and by 39% (P < 0.05) in the Severe
group (Fig. 2). Spearman’s correlation analysis showed a
positive relationship between relative elastic fibre content
with fetal average arterial oxygen saturation (R = 0.55,
P < 0.05). Total elastic fibre content was constant across
groups: 99.09 ± 5.43 for the Control group, 142.13 ± 9.98
for the Moderate group, and 120.10 ± 8.65 for the Severe
group.
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Regulators of ECM protein synthesis and degradation
are altered in aortae of hypoxic fetuses

TGF-β1 mRNA levels as measured by real-time PCR were
increased in the Severe hypoxic group versus Control
(P < 0.05), but similar between Moderate and Control
groups (Fig. 3). TGF-β1 mRNA levels in the aorta exhibited
an inverse relationship with fetal arterial oxygen saturation
(R = −0.7, P < 0.05) (Fig. 3). mRNA levels of MMP-2
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were also inversely correlated with fetal arterial oxygen
saturation (R = −0.6, P < 0.05) and showed a similar
pattern of change among groups, although significance
was not reached (Fig. 4). MTI-MMP mRNA levels were
increased in the severely hypoxic animals compared
to Control (P < 0.05) and again showed an inverse
relationship with arterial oxygen saturation (R = −0.66,
P < 0.01) (Fig. 4).

Figure 1. Procollagen Iα and III mRNA levels and total collagen content of the aorta are increased in
severely hypoxic fetuses
A, real-time PCR showed procollagen Iα mRNA levels to be increased in the thoracic aorta of severely hypoxic
group versus control. B, a comparable pattern was found with respect to procollagen III, although changes were
not significant. Collagen content of the media was measured in cross-sections of the descending aorta stained
with a Sirius red dye; shown are cross-sections from a Control (C) and Severe (D) animal. E, a 5× increase in total
collagen content compared to Control was measured in the Severe group. Comparisons between groups were
made using the Kruskal–Wallis test with Dunn’s post hoc test. Data are presented as means ± SEM. ∗ P < 0.05
hypoxic groups vs. Control. †P < 0.05 Moderate vs. Severe group.
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Figure 2. Relative elastic fibre content within the aortic media is reduced in hypoxic fetuses
Relative elastic fibre content in the media measured in cross-sections of the thoracic aorta in Control (A), Moderate
(B) and Severe (C) groups is shown. This decrease in relative elastic fibre content was graded across Moderate and
Severe group, with a 12% and 39% decrease, respectively. The Kruskal–Wallis test with Dunn’s post hoc test was
used for multiple comparisons. ∗ P < 0.05 hypoxic groups vs. Control.

Fetal hypoxia increases aortic VSMC content
and wall thickness

Differentiated VSMC content in the aortic media, as
reflected by the fluorescent staining of the α-actin protein,
was increased in a graded fashion in response to Moderate
and Severe hypoxia (Fig. 5). Compared to Control, total
α-actin content was 45% higher in the Moderate group

and 65% (P < 0.05) higher in the Severe group; and the
percentage of α-actin within the media was increased
relative to Control, by 13% in the Moderate group and
30% in the Severe group. The percentage α-actin within
the media was inversely correlated with fetal arterial
oxygen saturation (R = −0.61, P < 0.05). The presence
of MHC-B, a marker of undifferentiated synthetic-type

Figure 3. Severe hypoxia increases expression of TGF-β1 in the thoracic aorta
A, mRNA levels of TGF-β 1 measured by real-time PCR were increased in severely hypoxic fetuses. The Kruskal–Wallis
test with Dunn’s post hoc test was used for multiple comparisons. B, Spearman’s correlation revealed an inverse
relationship TGF-β 1 mRNA levels and fetal arterial oxygen saturation was determined using Spearman’s correlation
(R = −0.70, P < 0.05).
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VSMCs in the media, was not altered by hypoxia. As
well, no differences between groups were found for the
percentage of cells in the media or staining of proliferating
cell nuclear antigen (PCNA), a marker of cell proliferation.
Aortic media thickness was increased by 23% in the
Moderate and 33% (P < .01) in the Severe group, relative
to Control animals (Fig. 5). Wall thickness directly related
with average fetal arterial oxygen saturation (Spearman’s
coefficient R = −0.67, P < 0.05).

thickness, compared to Control (P < 0.05). The thickness
of the area between the internal elastic lamina and the
first elastic fibre within the media was also markedly
increased in the Severe group relative to Control (P < 0.05)
(Fig. 6). E-selectin was increased in severely hypoxic
fetuses (P < 0.05) (Fig. 7) and mRNA levels of E-selectin
showed an inverse relationship with average fetal arterial
oxygen saturation (Spearman’s coefficient R = −0.67,
P < 0.05).

Intima hyperplasia in aortae of severely hypoxic
fetuses is associated with endothelial activation

Chronic fetal hypoxia has a differential effect
on the superior mesenteric artery (SMA)

The presence of a fibrous neointima was predominantly
found in severely hypoxic fetuses and the thickness of the
intima was markedly increased in this group compared to
Control and Moderate animals, suggesting intima hyperplasia occurs in response to Severe fetal hypoxia (Fig. 6).
The Severe group exhibited a 14-fold increase in intima
thickness and an 11-fold increase in the intima:media

No differences in mRNA levels of procollagen Iα and III
were observed in the SMA. mRNA levels of procollagen Iα
relative to Control were 1.00 ± 0.46 for the Control group,
0.65 ± 0.22 for the Moderate group, and 1.57 ± 0.73
for the Severe group. mRNA levels of procollagen III
relative to Control were 1.00 ± 0.33 for the Control group,
0.93 ± 0.47 for the Moderate group, and 0.85 ± 0.27 for

Figure 4. mRNA levels of MMP-2 and it’s co-activator MTI-MMP are increased in the thoracic aorta of
severely hypoxic fetuses
A, matrix metalloproteinase-2 (MMP-2) mRNA levels in the thoracic aorta measured by real-time PCR are increased
in severely hypoxic fetuses compared to Control (P = 0.059). B, an inverse correlation between MMP-2 mRNA
levels in the thoracic aorta and fetal arterial oxygen saturation was found (R = −0.60, P < 0.05). C, severely
hypoxic fetuses exhibited increased mRNA levels of membrane-type matrix metalloproteinase (MTI-MMP) which
is required to activate MMP-2. D, MTI-MMP exhibited an inverse relationship with fetal arterial oxygen saturation
(R = −0.66, P < 0.01). The Kruskal–Wallis test with Dunn’s post hoc test was used for multiple comparisons and
Spearman’s correlation coefficient was used for correlational analyses. Data are shown as means ± SEM. ∗ P < 0.05
Hypoxic groups vs. Control.
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the Severe group. TGF-β1 , MMP-2 and E-selectin mRNA
levels also showed no changes among groups.

Discussion
This study is the first to investigate aortic development
in the late gestation ovine fetus under varying degrees of
oxygen deprivation in utero. Two degrees of fetal hypoxaemia without metabolic acidosis were produced by
umbilical–placental embolization, an established model
of placental insufficiency. This antenatal disorder is the
predominant cause of IUGR in Western society (Ghidini,
1996) and occurs when abnormal placental villous and
arterial structure lead to inadequate transplacental transport of oxygen and nutrients that fails to meet increasing
demands of the growing fetus (Regnault et al. 2007;
Todros et al. 1999). The resultant fetal hypoxaemia is the
major stimulus driving fetal adaptations including slowing
of growth and altered organ development (Lackman
et al. 2001; Giussani et al. 2007). This model has previously been shown to produce abnormal umbilical artery
Doppler waveforms (Gagnon et al. 1994), which reflect
increased umbilical-placental vascular resistance and are

used clinically to diagnose placental insufficiency and
assess its severity. Embolization leading to severe hypoxia in the current study increased the ratio of brain to liver
weight, an indication of the asymmetric pattern of growth
restriction that occurs in human placental insufficiency
(Dashe et al. 2000) whereby brain growth is preserved
relative to non-critical organs.

Mechanical consequences of altered aortic
ECM composition

The structural phenotype of the aorta produced by Severe
hypoxia was characterized by reduced relative elastin
content, together with media thickening due to both
increased collagen accumulation and VSMC hypertrophy.
Relative proportions and orientation of the arterial wall
components are principal determinants of the viscoelastic
behaviour of the aortic wall and thus pivotal in systemic
haemodynamics. Viscosity is largely influenced by the
VSMCs (Wells et al. 1998) whereas elasticity is a function of
the ECM proteins, elastin and collagen (Roach & Burton,
1957). Deformable elastic fibres bear circumferential
tension at low distending pressures affording generous

Figure 5. Hypertrophy of the aortic media in response to chronic intrauterine hypoxia is due in part to
an increase in VSMC content
A, relative to Control, the percentage area stained for α-actin was increased by 13% in the Moderate group and
by 30% in the Severe group. B, the total α-actin content showed a similar pattern, with statistical significance
between Control and Severe groups. Total α-actin content was increased by 45% and 65% in Moderate and Severe
groups, respectively, compared to Control. C, no significant difference between groups was found with respect to
the percentage area stained for proliferating cell nuclear antigen (PCNA), a marker for cell proliferation. D, media
thickness was increased by 23% and 33% by Moderate and Severe hypoxia respectively. Group differences were
assessed with the Kruskal–Wallis statistic and Dunn’s post hoc test. Data are shown as means ± SEM. ∗ P < 0.05
hypoxic groups vs. Control.
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responses in dimension. Stiffening of the arterial wall
with rising pressure is ascribed to engagement of the
inextensible collagen fibres as elastic fibres become taut.
Given that this transfer of intravascular load from elastin
to collagen occurs over the physiological pressure range,
the relative reduction in elastic fibre content evident in
fetuses subjected to hypoxia in the present study may result
in collagen recruitment at lower distending pressure. The
stiffening effect of an increased collagen-to-elastin ratio
is palpable in the pathological deficits in elastogenesis
characterized by multiple genetic diseases (Salaymeh
& Banerjee, 2001; Nemes et al. 2008), and has been
demonstrated experimentally by ex vivo protein digestion
(Roach & Burton, 1957; Fonck et al. 2007).
Developmental timing of hypoxic insult

The composition and architecture of arterial wall
components requisite for proper functioning of the mature
vascular tree evolve from precise time- and site-dependent
gene expression and cellular differentiation during fetal
and neonatal life. Since the time course and regulation
of cardiovascular development in the sheep are analogous
to those in the human (Berry et al. 1972; Wells et al.
1998), our findings hold significance in the context of
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clinical fetal growth restriction. In both species, VSMCs
exhibiting high rates of proliferation and the ability to
synthesize ECM molecules predominate in early gestation
and gradually switch to mature contractile cells over
the last third of pregnancy (Hutanu et al. 2007). The
current study failed to find an effect of intrauterine hypoxia on media cellularity or on VSMC proliferation and
maturation, possibly because the majority of phenotypic
modulation of the synthetic type cell had occurred by
this later stage in gestation. This suggests that the relative
increase in α-actin, which is the most abundant protein in
differentiated contractile cells (Fatigati & Murphy, 1984),
was associated with VSMC hypertrophy. In this case,
increased α-actin and collagen synthesis may be due to
an upregulation in the activity of the residual population
of synthetic-type VSMCs rather than to proliferation of
these cells. It is possible that VSMC proliferation leading
to an increase in total cell content concomitant with media
hypertrophy occurred earlier in the insult, and was not
detected by PCNA staining at day 15 of hypoxia. In both
human and sheep, collagen synthesis by VSMCs peaks
early in gestation and plateaus near term, whereas elastin
synthesis starts to accelerate in late gestation and reaches
a maximum shortly after birth (Bendeck & Langille,
1991; Berry et al. 1972). Our fetal sheep were hypo-

Figure 6: Intima hyperplasia of the aorta in severely hypoxic fetuses
A, the presence of an intima was largely lacking in descending aortae from Control and moderately hypoxic fetuses.
B, an intimal layer was observed in Severely hypoxic fetuses, its size variable and often strikingly thick. C, relative
to Control, a 14-fold increase in the thickness of the intima on the luminal (L) side of the internal elastic lamina
and a 2-fold increase in the thickness of the medial intima (the distance between the internal elastic lamina and
the first elastic fibre within the media, as indicated by the arrow in B) was measured in Severe aortae. D, the ratio
of intima to media thickness was also notably increased in Severe animals compared to Control and Moderate.
The Kruskal–Wallis test with Dunn’s post hoc test were used to assess group differences. Data are presented as
means ± SEM. ∗ P < 0.05 Hypoxic groups vs. Control. †P < 0.05 Moderate vs. Control groups.
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xic between 116 and 132 days of gestation, coinciding
with this period of rapid elastin accumulation, wherein a
considerable increase in the elastin-to-collagen ratio takes
place. There is a brief continuation of arterial remodelling
after birth during which there occurs rapid deposition
of ECM macromolecules and their cross-linking as the
final step in fibre formation (Bendeck et al. 1991; Wells
et al. 1999). Thereafter, rates of ECM protein turnover
decline substantially. In fact, the half-life of highly resilient
mature elastin is 40 years (Shapiro et al. 1991) and its
post-development biosynthesis is negligible under normal
conditions (Mariencheck et al. 1995). Thus if the reduction
in relative elastic fibre content measured in the present study is due to upregulated protein degradation, the
functional consequences may be permanent.
Mediators of hypoxia-induced changes
within the aortic media

Formation of the vasculature over the course of gestation
is orchestrated by the varying impact of endocrine,
autocrine, paracrine and mechanical stimuli. Cortisol
is a potent regulator of elastin (Yee et al. 1996) and
collagen synthesis (Leitman et al. 1984), which mediates
an acceleration in ECM accumulation from 120 days of
gestation to term in the ovine fetus (Bendeck et al. 1991).
The current study failed to find an effect of chronic hypoxia on baseline circulating cortisol levels over the 15 day
embolization period. An increase in cortisol is a known
response to acute hypoxia (Green et al. 2000, Thompson
et al. 2011), but during chronic hypoxia this response has
been previously shown to be transient (Gagnon et al. 1994)

Figure 7. Intima hyperplasia of the aorta in response to
Severe hypoxia was accompanied by increased mRNA levels
of E-selectin
E-selectin is a cell-adhesion molecule that increases in response to
endothelial activation. mRNA levels of E-selectin as measured by
real-time PCR were increased in thoracic aortae of severely hypoxic
fetuses. ∗ P < 0.05 hypoxic groups vs. Control.
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or absent (Kerr et al. 1992). Haemodynamic conditions
within the growing vascular tree parallel modifications in
composition and geometry of the arterial wall and become
highly influential in the rapid deposition of elastin that
occurs in the late gestation and early postnatal periods
(Bendeck et al. 1994). Embolization in the present study
did not result in fetal hypertension in either Moderate or
Severe groups, as reported by previous studies (Louey et al.
2007). Yet, human fetuses growth restricted by placental
insufficiency have been shown to exhibit abnormal
haemodynamics characterized by reduced blood flow
velocity in the descending aorta and increased blood flow
velocity in the carotid artery, as a result of increased
placental vascular resistance and redistribution of cardiac
output (Mori et al. 1993). Since blood flow stimulates
the site-dependent upregulation of elastin accumulation
during the critical perinatal induction period of
elastogenesis (Bendeck et al. 1994), diminished blood flow
through the aorta must be considered a potential cause
of the hypoxia-related reduction in relative elastic fibre
content found in the present study. Since tropoelastin
mRNA levels were not affected by chronic hypoxia,
post-transcriptional or post-translational mechanisms
involved in the construction of a functional elastin fibre
may be altered.
Progressive organization of the ECM scaffold that
permits enduring changes in vessel structure and size
during fetal development is mediated by a family of
proteolytic enzymes, matrix metalloproteinases (MMPs).
The elastinolytic and collagenolytic gelitinase MMP-2 has
been identified as a key regulator of postnatal pathological
remodelling of the heart and blood vessels leading to
fibrosis and cardiovascular dysfunction (Polyakova et al.
2004). The activities of MMP-2 include degradation of
elastin, fibronectin and non-fibrillar collagen particularly
the basement membrane collagen IV. Activation of
MMP-2 is accomplished by proteolysis by the stromelysin
membrane-type MMP (MTI-MMP), which is inserted
into the cell membrane as a fully activated endopeptide
(Knauper & Murphy, 1998). Previously, the activity of
MMP-2 has been correlated with the expression of
MTI-MMP (Zahradka et al. 2004). Our data show elevated
MTI-MMP mRNA levels in severely hypoxic fetuses and a
similar trend with respect to MMP-2, as well as a significant
correlation between MMP-2 mRNA levels and fetal arterial
oxygen saturation, suggesting that MMP-2 played a role in
the aberrant aortic remodelling observed in these animals.
Our data parallel a study by He et al. (2007) that reported
increases in mRNA levels of MMP-2 and MTI-MMP along
with increases in pro-MMP-2 protein levels and activity in
response to chronic hypoxia in adult rats. Also pertinent
to our findings, increased circulating concentrations of
MMP-2 and MMP-9 as well as reduced relative plasma
levels of the tissue inhibitiors of MMPs (TIMPs) have
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been reported in growth restricted infants (Sesso & Franco,
2010).
In addition to the regulatory effects of hypoxia
and oxidative stress on the transcription and activity
of MMP-2, induction occurs in response to growth
factors such as TGF-β. TGF-β1 regulates multiple cellular
activities and has been implicated in control of growth
and differentiation of various organs during development,
including blood vessels (Saltis & Bobik, 1995; Yee et al.
1996). In the adult, TGF-β1 is recognized as an important
mediator of compensatory structural remodelling of the
myocardium and arteries in response to mechanical overload (Li et al. 1998), hypoxia (Chen et al. 2006) and
oxidative stress (Zhao et al. 2008). We report increased
mRNA levels of TGF-β1 in severely hypoxic fetuses.
Relevant to our morphological and PCR data, the effects
of TGF-β1 include direct stimulation of collagen I and
III transcription (Ross & Tranquillo, 2003), upregulation
of α-actin expression (Owens et al. 1988), and induction
of MMP-2 transcription and activity (Ross & Tranquillo,
2003).

J Physiol 589.13

atherosclerotic-resistant artery, not prone to intima hyperplasia as is the aorta, and hence its cellular response to
hypoxia or injury may not include endothelial activation
by MMP-2.
Conclusions

Fetuses subjected to hypoxia exhibited structural
abnormalities resembling those present in adults destined
to develop CVD that were at least in part attributable to
oxygen-regulated growth factors and enzymes. It should
be noted that the duration of embolization equilibrates to
10% of ovine gestation yet hypoxia is endured throughout
the second half of gestation during placental insufficiency,
and thus arterial responses measured in the present study
may be mild or the phenotypic outcome may differ in
comparison to the clinical situation. A defect in the
original architecture of the aortic wall in growth restricted
infants may alter its biological responses and mechanical
behaviour, thereby accelerating the progression to hypertension and CVD in postnatal life.

Mediators of hypoxic-induced aortic intima
hyperplasia
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